INTRODUCTION
Soil respiration is the emission of carbon dioxide (CO2) gas from the ground to the atmosphere due to root respiration and heterotrophic respiration in soils, and it is one of the important factors determining the CO2 concentration in air (Hillel, 1998) . CO2 concentration directly affects plant growth through photosynthetic activity (Jones, 1992) , and therefore, it is necessary to understand the dynamic characteristics of soil respiration in the context of plant production. The importance of soil respiration as a CO2 source is particularly apparent in greenhouses with a soil-based culture because of the semi-closed environment.
There are two types of methods for measuring the dynamics of soil respiration: the micrometeorological methods (e.g. the Bowen ratio/energy balance method) and the chamber methods (closed type, open-flow type) (Dugas, 1993) . The former can be applied to only bare soil fields with a large area; it is not applicable for greenhouses. The latter is relative easy to use and is applicable to both smaller and larger areas (Dugas, 1993) . Therefore, it has been widely used in various sites, including forests (e.g. Ota and Yamazawa, 2010; Ojanen et al., 2012) , orchards (e.g. Blanke, 1996; Sekikawa et al., 2002) , open-fields used for crops (e.g. Inoue, 1986; Sánchez et al., 2003) , and grasslands (e.g. Balogh et al., 2011; Caquet et al., 2012) and a lot of the data for these sites have been accumulated in relation to heterotrophic activity in soils or carbon cycle processes in ecosystems. In comparison, there has been little information available for greenhouses because few studies have been performed other than that of Arriaga et al. (2011) .
When using a soil chamber, the inside environment (temperature, CO2 concentration, wind speed, soil moisture, etc.) should be close to the outside environment in order to ensure accurate measurement (Bekku et al., 1997) . Therefore, for the long-term measurement, the closed type chamber needs automatic control of making airtight and ventilation, and then is more complex and costly. On the other hand, the open flow-type chamber, in which outside air always flows through it, is relatively simple and low cost, and can decrease the differences in temperature and CO2 concentration between the inside and outside of the chamber. Especially in greenhouses, the stable wind speed at a low level should be similar to that in the chamber, and the irrigation system used to control the soil moisture can also be applied to the ground in the chamber. From these viewpoints, the open-flow chamber should be effective in just greenhouses. Development and Extension Center, 1 24 Nishifuruichi-mach, Susaki, Kochi 785 8576, Japan (Received May 30, 2013; Accepted November 27, 2013) An open-flow chamber equipped with a multiple CO2-gas analyzing system (MGA) was developed for the continuous measurement of the soil respiration rate in a greenhouse. Two fans attached to the chamber facilitate airflow through it. The air from the inlet and outlet of the chamber is sampled, and then, its CO2-gas concentration is analyzed by the MGA, which consists of an infrared gas analyzer, an air pump, a flow meter, and a programmable data logger. The rate of soil respiration is evaluated based on the difference in CO2 concentration between the inlet and outlet air, and on the air flow rate. The chambers were installed into the ridge and the furrow, and the characteristics of soil respiration were then analyzed. The hourly change in the soil respiration rate was almost constant, and it was higher in the ridge (3.2 mol m 2 s 1 ) than in the furrow (0.5 mol m 2 s 1 ), which can be attributed to the small amount of surface soil in the furrow. On the other hand, the soil respiration rate on a greenhouse scale was roughly estimated and compared with the rate of CO2 loss from the greenhouse to the ambient air. The rates were nearly equal when the CO2 concentration in the greenhouse was constant. These results suggest that the soil chamber with the MGA is a useful tool for the dynamic analysis of soil respiration in greenhouses.
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MATERIALS AND METHODS

Soil respiration chamber
where F (mol s 1 ) is the air flow rate, [CO2]out and [CO2]in ( mol mol 1 ) are the CO2 concentration in the outlet and inlet air, respectively, and Acha ( 0.0675 m 2 ) is the area of ground surface in the chamber. In fact, rate of air flow through the chamber is not constant because it is higher at the outlet than at the inlet due to soil evaporation rate. However, this effect should be extremely small and can be negligible in Eq.(1).
The inlet and outlet of the chamber are equipped with air fans, which can maintain the balance of air flowing between the inlet and outlet and avoid an overestimation or underestimation of R (Sakata et al., 1994) . Figure 2 shows a schematic diagram of the multiple CO2-gas analyzing system (MGA; Climatec Inc.) developed for sampling the air at 6 different positions and then measuring the CO2 concentration automatically. The system mainly consists of an infrared CO2-gas analyzer (IRGA; LI-820, Li-cor Inc.), an air pump (P; CM-50-12, Enomoto Micro Pump Mfg. Co., Ltd.), an air flow meter (FM; P-100-U0-4N-R2, Tokyo Keiso Co., Ltd.), air paths, a 6-way solenoid valve (6WAY-SV; USB3-6-1-L, CKD Corporation), a 3-way throttle valve (3WAY-TV; SEJR6, Misumi Corporation), and a programmable data logger (PDL; CR-1000, Campbell Scientific Inc.). Air is sampled at a flow rate of 5 L min 1 by P, and then, part of it is sent to the IRGA through 3WAY-TV and FM at a flow rate of 1 L min 1 ; dust and moisture in the air are removed by a Whatman filter (Vacu-guard 6722-5000) and silica gel. Air sampling positions are changed in rotation by switching the air sampling path; the PDL controls the on-off action of 6WAY-SV. The interval time for the rotation is 2.5 min, where the first 1.5 min is for replacing the air within the sampling path, and the final 1.0 min is for measuring the CO2 concentration. In a preliminary experiment, CO2 concentration reached a steady state 40 s after switching the air sampling path. That is, the data for CO2 concentration at 6 different positions were logged into the PDL every 15 min. In this study, 1 position was for inside the greenhouse, one was for outside the greenhouse, and 4 were for the soil chambers; the details are explained later.
Multiple CO2-gas analyzing system
Experimental greenhouse and plant cultivation
The experimental greenhouse (20 m long and 7.5 m wide), which is a single-span greenhouse in a south-north direction, is located at the Kochi Prefectural Agriculture Research Center (N 33°35.5 , E 133°38.7 ) (Fig. 3) . The greenhouse soil and its texture were classified as Gray Lowland soil and clay loam, respectively. In August of 2012, bark-based compost (a ratio of 3 t to 10 a), sugarcane straw (a ratio of 1.5 t to 10 a), and fertilizer (a ratio of 32 kg of N, P2O5, and K2O to 10 a) were applied into the soil,
(1) Fig. 2 Schematic diagram of a multiple CO2-gas analyzing system for sampling air at 6 different positions and measuring their CO2-gas concentration: FM, air flow meter; IRGA, infrared gas analyzer for measuring CO2-gas concentration; P, air pump; PDL, programmable data logger for switching air sampling path by on-off action of the solenoid valves and for logging data analyzed by IRGA; 6WAY-SV, six-way solenoid valve for switching the sampling path; 3WAY-TV, three-way throttle valve for controlling air flow to IRGA; solid line, air sampling path; broken line, signal line. Fig. 1 Photograph of an open-flow chamber (45 cm 15 cm 15 cm) for continuous measurement of soil respiration in a greenhouse. Air flows through the chamber from the inlet to the outlet due to the use fans, and part of the inlet and outlet air is collected from the junction for analyzing CO2 concentration. Soil respiration rate is evaluated from the deference in the CO2 concentration between inlet and outlet airs and the air flow rate. and 4 ridges (A D; 14 m long and 1 m wide) were made for plant cultivation. A total of 24 seedlings of sweet pepper (Capsicum annuum L.) were transplanted to each ridge on September 6th, and irrigation was conducted every few days so that the pF did not exceed 1.6 1.9. Once a week, N solution was applied to the soil at a ratio of N 1 kg to 10 a as additional fertilizer.
Continuous measurements of environmental elements and soil respiration rate Environmental elements such as solar radiation, air temperature, air relative humidity, and CO2 concentration ([CO2]A) were measured around the center of the greenhouse. Averages of 10 min (data except for CO2) or 15 min (CO2 data) were recorded on the data logger installed in the MGA, as shown in Fig. 2 . In the same manner, the air temperature, relative humidity, and CO2 concentration outside the greenhouse were also measured.
The soil chamber was installed in the center of ridge C on January 25th, 2013, and irrigation tubes were laid along the ridge to control soil moisture. For avoiding air leak from the small opening between the soil and the chamber, the side board of chamber was inserted approximately 2 cm depth into the soil.
In the chamber, F was set to 9.6 mmol s 1 ( 12.9 L min 1 ) by applying 5 V of voltage to the chamber's fans; where, the value of F in relation to the chamber volume meets the condition recommended by Inoue (1986) . On March 22nd, one more chamber was positioned at the center of the furrow between ridges C and D. The CO2 concentration of the inlet and outlet air ([CO2] in and [CO2]out) of the chambers was measured by the MGA. The temperatures of the air and the soil (TS) inside the chamber were measured using T-type thermocouple and recorded on a data logger (GL220, Graphtec Corporation) every 10 min. Table 1 summarizes the instruments used for measuring these environmental elements. Furthermore, the volumetric soil water content (VSWC) was measured every few days with a portable soil moisture sensor (EC-5, Decagon) that was installed in the soil at a depth of 0 5 cm under the chamber.
Testing the validity of soil respiration measured by the chamber CO2 concentration in greenhouses is usually stable at a higher level from midnight to pre-dawn (Kläring et al., 2007) . During this period, the rate of soil respiration (R) and the rate of CO2 loss from the greenhouse to the ambient air (L) on a greenhouse scale can be regarded as equilibrium if the respiration of plant shoots is considered negligible. Therefore, we can examine the validity of the soil chamber with a multiple CO2 -gas analyzing system by comparing R with L in such a time period.
To estimate R ( mol h 1 /greenhouse), the spatial distribution of R was first analyzed because nonuniform conditions are often formed in a soil environment (Hillel, 1998) . In the evening (1500 1700 h) of January 15th, 2013, we measured R under a steady state from No. 1 to No. 11 on ridge B (see Fig. 3 ) by moving-observation with the soil chamber, IRGA, and an air pump (CM-15-12, Enomoto Micro Pump Mfg. Co., Ltd.). Furthermore, R at the center of the ridges from A to D, and the values at 16 random positions other than the ridges (others), were also measured in the same manner. From these data, a ratio of averaged R for the others to that for the ridge, denoted as , was determined. The dynamics of R was roughly estimated using the following equation (Eq.2) with R for the ridge (point C-5) measured during the nighttime (from 1800 h on February 14th to 0600 h on February 15th, 2013):
Vol. 52, No. 1 (2014) where V ( 468.2 m 3 ) is the volume of the greenhouse, N (h 1 ) is the rate of air exchange due to ventilation between the greenhouse and the ambient air, and [CO2]0 is the CO2 concentration outside the greenhouse. The value (0.15 h 1 ) of N at the nighttime when the window was closed, obtained by using the tracer-gas (CO2) decay method, was used to estimate L. 1 , but a slight fluctuation of R was found during the daytime. Although a positive correlation between the soil respiration rate and the temperature was reported by Lloyd and Taylor (1994) , there seemed to be little effect of TS with the daytime increase on R . On the other hand, in an observation on July 9th in the summer season, daytime increase in TS (26.8 34.1°C) induced the increase in R from 4.6 to 7.0 mol m 2 s 1 . Therefore, little effect of TS on R in Fig. 4 may be attributed to the lower temperature increase, but more research is needed for details.
For the furrow, the difference [CO2]out [CO2]in was extremely low (data not shown), and therefore, the value of R changed at a significantly lower level ( 2.9 mol m 2 s 1 ) compared with that for the ridge (P 0.001). The small amount of surface soil, which contains adequate moisture and organic matter for plant cultivation, on the ground of the furrow should account for the smaller value of R .
On the other hand, differences of soil temperature and CO2 concentration between the inside and outside of the chamber were only 0.5 0.2°C and 11.2 2.0 mol mol 1 , respectively, where the outside CO2 concentration was regarded as [CO2] in and the inside concentration was estimated as the mean value of [CO2]in and [CO2]out. Wind speed inside the chamber estimated using F was 0.01 m s 1 , which corresponded to that in the greenhouse at night as observed by Yasutake et al. (2011) . The change in the VSWC under the chamber for the ridge was maintained within 1.6 % by the irrigation system. That is, environmental conditions within the chamber were generally similar to those surrounding it.
These results indicate that the soil chamber with the multiple CO2-gas analyzing system is applicable to continuous and simultaneous measurement at different points where the characteristics of soil respiration differ.
Then, the validity of the measurement system was examined on the basis of CO2 balance in the greenhouse. First, the spatial distribution of R for the ridges was analyzed by moving observation, and the results are shown in Fig. 5 . R along ridge B was in a range of 1.2 4.3 mol m 2 s 1 (Fig. 5a) , and that for the center of the respective ridges was between 3.7 and 5.1 mol m 2 s 1 (Fig. 5b) . Such a scattering of R might be attributed to the nonuniformity of moisture and organic matter existing in the ridge soil, which are a well-known factors that affect soil respiration (Epron et al., 1999; Li et al., 2013) , although they are usually managed to be uniform for effec- tive plant production. Figure 6 shows the R for the ridge and others (area except for the ridge). The mean value of R for the ridge was 3.2 mol m 2 s 1 , which corresponded with the results observed in a barley field (Sánchez et al., 2003) and a forest (Ota and Yamazawa, 2010) . On the other hand, R for the others (1.2 mol m 2 s 1 ) was significantly smaller than that for the ridge (P 0.001) and was close to the value in a semi-arid field reported by Oyonarte et al. (2012) . From the data in Fig. 6 , the coefficient was determined as 0.39.
Using Eq.(2) incorporated with ( 0.39) and the measured R for the ridge, and using Eq.(3), the hourly changes in R and L during the nighttime were estimated and compared with each other; they are shown with [CO2]A in Fig. 7. [CO2]A gradually increased as time passed and was almost constant around 650 mol mol -1 after 0300 h on February 15th. R decreased slightly but was almost stable around 0.7 1.0 mol h 1 /greenhouse, while L changed with [CO2]A and approached 0.9 mol h 1 /greenhouse. That is, R was nearly equal to L or slightly lower than L during the period when [CO2]A was almost constant. This slight difference between R and L should be attributed to the respiration of plant shoot with a height of approximately 160 cm. This fact suggests the reasonableness of the measurement with the soil chamber and the realizability of scaling-up of the soil respiration from the chamber to the greenhouse.
Thus, an open-flow chamber with a multiple CO2-gas analyzing system was developed, and its validity was examined in this study. Our results show that the chamber system is a useful tool for dynamic analysis of soil respiration and, in addition, the CO2 balance in soil culture greenhouses. Fig. 7 Hourly changes in soil respiration rate (R) and rate of CO2 loss (L) from the greenhouse to the ambient air on a greenhouse scale during the nighttime (from 1800 h on February 14th to 0600 h on February 15th, 2013).
Fig. 6
Soil respiration rate (R ) at the ridge and others (area except for the ridge) in the greenhouse. Values for the ridge are the mean of data in Fig. 5 -(a) and (b) (n 15) with standard deviation, and that for the others are mean with standard deviation (n 16) which were measured by the moving observation from 1500 to 1600 h on February 5th, 2013. *** indicates a significant difference at P 0.001 as determined by a t-test.
